Abstract In order to confirm the usefulness of the N stable isotope ratio of periphyton (mainly composed of attached algae) as an indicator for monitoring the N sources in river watersheds, we measured the isotope ratio of periphyton along the Chikuma River. In the river, both the concentrations of dissolved total nitrogen (DTN) and the δ 15 N values of periphyton increased downstream. Specific nitrogen loading rates (SNLR) calculated from administrative data also showed an increase downstream from 7 to 11 kg N ha -1 yr -1 , with the increasing contribution by sewage and livestock waste from 6 to 40% to total N loading. There are significant positive relationships between the DTN concentration and the SNLR (r 2 = 0.54, P<0.05), and the δ 15 N values of periphyton and the SNLR (r 2 = 0.78, P<0.05). The increase in DTN concentration reflected the increase in input of N loading. The increase in δ 15 N of periphyton might reflect the increase in relative contribution by sewage and livestock waste down the river, especially the increase in sewage. The present study indicates the usefulness of the N stable isotope ratio of periphyton as an indicator for monitoring N sources in a river system.
Introduction
Anthropogenic nitrogen inputs derived from various sources such as chemical fertilizer, livestock waste, and sewage have caused eutrophication of lakes, rivers, and estuaries worldwide. The anthropogenic nitrogen sources mentioned above have distinct nitrogen stable isotope ratios (Kreitler and Browning, 1983; Macko and Ostrom, 1994) , making those nitrogen sources identifiable and traceable within an ecosystem.
By measuring nitrogen stable isotope signatures, McClelland et al. (1997) and McClelland and Valiela (1998) showed a tight coupling between N contributed to coastal watersheds and N used by primary producers (plankton, macroalgae and rooted vascular plants) in estuaries. In a river system, attached algae are the main primary producers and they absorb nutrients directly from the river water. If their results are applicable to river systems, it is expected that the nitrogen stable isotope ratio of attached algae in a river will reflect those of the N sources in watersheds.
In the Chikuma River (the upper reaches of the longest river, the Shinano River, in Japan), anthropogenic N loading into the river increases and its composition changes downstream. In order to confirm the usefulness of the N stable isotope ratio of attached algae as an indicator for monitoring the N sources in the watersheds, we measured the isotope ratio of periphyton (mainly composed of attached algae) along the Chikuma River, and compared them with the N loading estimated from administrative data. 
Methods
River water and periphyton samples were collected between 23 km and 106 km from the riverhead in the Chikuma River in March, May, and July 2000. At each site, one to three stones were collected, and periphyton was scraped with a brush. Treated wastewater samples from six sewage treatment plants along the Chikuma River were collected on 19 July 2000. Those samples were kept cool during the transportation to the laboratory within 12 hours. In the laboratory, water samples were filtered with a glass fiber filter (Whatman GF/C precombusted at 450°C). A part of the filtrate was kept frozen until nutrient analyses. The river water samples were concentrated to the final concentration of 1,000 mg N L -1 . The treated wastewater samples from sewage plants were concentrated with a drop of 1 N HCl to prevent ammonium volatilization. These concentrated water samples were then freeze-dried and supplied for isotope ratio analyses. Periphyton samples were dried at 60°C after removing aquatic insects (but including bacteria and detritus).
Nitrogen stable isotope ratio was measured using an isotope ratio mass spectrometer (ThermoQuest TracerMAT) equipped with an elemental analyzer. Results are expressed as follows:
where R is 15 N/ 14 N atomic ratio. The reference standard was atmospheric nitrogen. Analytical precision was 0.5‰. Anion concentrations of water samples were measured with an ion chromatograph (DIONEX DX-120). The concentrations of TN and NH 4 -N were measured colorimetrically.
Nitrogen loading rates in watersheds were estimated by a pollutant load method using administrative data (Nagano Agricultural Statistical Bureau, 1998) and pollutant load factors cited from Kawashima (1996) as follows: excreta from man, 9 gN capita -1 d -1 ; sewage from man, 3 gN capita -1 d -1 ; cattle, 290 gN head -1 d -1 ; swine, 40 gN head -1 d -1 ; paddy field, 10.12 kgN ha -1 yr -1 ; upland field, 32.93 kgN ha -1 yr -1 ; city, 12.19 kgN ha -1 yr -1 ; forest, 3.93 kgN ha -1 yr -1 . Nitrogen removal efficiency of sewage treatment plants was set at 40%, and 60% of livestock waste was assumed to enter the river (Kawashima et al., 1997) . Almost all human excreta were eventually treated by sewage treatment plants in the watersheds of the river (Toda et al., 2000) . Since feces from poultry are completely recycled in Japan, they were not included in the loading calculation in the present study.
Results
In the Chikuma River, the concentration of dissolved total nitrogen (DTN, nitrate >60%) increased downstream, ranging from 0.72 to 1.98 mgN L -1 (Figure 1 ). The δ 15 N values of DTN did not show a consistent pattern (data not shown). They changed slightly along the river in March (+3.1 to +4.2‰), and showed an increasing trend in the lower part of the river (from 70 km to 90 km) in May (-1.1 to +3.1‰) and July (+0.8 to +9.7‰). The δ 15 N values of periphyton showed a consistent increase downstream on all sampling dates, ranging from +1.2 to +8.0‰ (Figure 2 ). The DTN concentration of treated wastewater from sewage treatment plants varied between 1.2 and 21.1 mgN L -1 , with major constituents of nitrate or ammonium nitrogen. All of those wastewaters had higher δ 15 N values, varying between +12.9 and +29.8‰ (+19.5 ± 5.5‰, Table 1 ). Specific nitrogen loading rates calculated from administrative data showed an increase downstream from 7.1 to 10.7 kgN ha -1 yr -1 , with the increasing relative contribution to total N loading by sewage and livestock waste from 5.8 to 39.6% (Figure 3 ). There are significant positive relationships between the DTN concentration and the specific nitrogen loading rates (r 2 = 0.54, P<0.05), and the δ 15 N values of periphyton and the specific nitrogen loading rates (r 2 = 0.78, P<0.05). A significant positive relationship is also observed between the δ 15 N values of periphyton and the percent contribution to N loading by sewage and livestock waste (r 2 = 0.77, P<0.05, Figure 4 ).
Discussion
Administrative data showed that nitrogen derived from fields and forest area supplied the major nitrogen load in the upper region of the Chikuma River (Figure 3 Figure 3 Specific nitrogen loading rates along the Chikuma River Figure 4 Relationship between nitrogen stable isotope ratio of periphyton and relative contribution to total nitrogen loading by sewage and livestock waste. G March L May I I July of N loading increased downstream, with the increasing relative contribution to total N loading by sewage and livestock waste. It is natural that the DTN concentration in river water increased downstream (Figure 1 ), reflecting the increase in input of N. Nitrogen derived from sewage and livestock waste usually has higher δ 15 N values (Kreitler and Browning, 1983; Macko and Ostrom, 1994) . Present results (Table 1) corresponded with this. In the Chikuma River it is therefore expected that the δ 15 N values of N entered into the river become higher downstream, with the increasing relative contribution to total N loading by sewage and livestock waste. The δ 15 N values of DTN, however, did not show a consistent increase downstream in the present investigation. Kumazawa et al. (2000) observed an increasing trend in δ 15 N of nitrate in a more stable urban river, the Tama River. The Chikuma River is a more natural and larger river, and its flow rate and water level vary widely. The irregular pattern of δ 15 N of DTN observed in the river may be related to its wide temporal variation in flow condition.
The δ 15 N values of periphyton, on the other hand, increased consistently downstream in the Chikuma River on all three occasions (Figure 2 ). There is a significant positive relationship between the δ 15 N values of periphyton and the percent contribution to N loading by sewage and livestock waste (Figure 4 ). The growth of periphyton extends over a few to several weeks (Horne and Goldman, 1994) , and its nitrogen isotope ratio may represent the average of δ 15 N of nitrogen absorbed over the duration. The δ 15 N values of nitrogen in a river water may be sensitive to transitory events such as heavy rainfall, but those of periphyton may reflect a long-term change in nitrogen sources in a river system. The increase in the δ 15 N values of periphyton might reflect the increase in seawage and livestock waste down the river, especially the increase in sewage.
Nitrogen isotope ratio of periphyton may be affected by other factors such as isotope fractionation during nutrient uptake. In planktonic algae, their δ 15 N values are affected by concentration and molecular form (nitrate or ammonium) of nitrogen, and light intensity (Wada and Hattori, 1978; Pennock et al., 1996) . Isotope fractionation was small when growth of plantonic algae was fast (Wada and Hattori, 1978) . The growth rates of the attached algae are high in the Chikuma River due to the relatively high nutrient concentration and sufficient light intensity (Nakamoto, in preparation). Small isotope fractionation by attached algae is expected in the river. In addition to the change in nitrogen sources, nitrification and denitrification in a river bed may affect the δ 15 N values of nitrogen in a river water (Arai and Tase, 1992) . Although we have to consider those effects in interpreting the δ 15 N values of periphyton, the apparently clear relationship observed between the δ 15 N values and nitrogen sources strongly indicates the usefulness of the nitrogen stable isotope ratio of periphyton as an indicator for monitoring nitrogen sources in river watersheds.
Conclusions
In the Chikuma River, both the concentration of dissolved total nitrogen (DTN) and the δ 15 N value of periphyton (mainly composed of attached algae) increased downstream with the increase of specific nitrogen loading rates calculated from administrative data. The increase in DTN concentration reflected the increase in input of N loading. The increase in δ 15 N of periphyton might reflect the increase in relative contribution by sewage and livestock waste down the river, especially the increase in sewage. Periphyton absorbs nutrients directly from river water over an extended period. Their δ 15 N values may well reflect nitrogen sources in river watersheds. Furthermore it is quite easy to measure nitrogen isotope ratio of periphyton when an isotope ratio mass spectrometer equipped with an elemental analyzer is available. The nitrogen stable isotope ratio of periphyton may be a suitable indicator for identifying anthropogenic nitrogen sources in a river system.
